Secreted aspartic proteinases (Saps) contribute to the virulence of Candida albicans in systemic animal models of infection. Seven genes encoding Saps (SAM-SAP7) have been identified to date but evidence suggested the existence of additional SAP genes. The screening of a C. albicans iZEMBL3 genomic library for the presence of other SAP genes was undertaken. Two new genes, SAP8 and SAPS, were isolated. The N-terminal amino acid sequence deduced from SAP8 downstream of a Kex2plike cleavage site corresponds to the N-terminal amino acid sequence of the 41 kDa Sap isolated and characterized previously. SAP8 mRNA was expressed preferentially in yeasts at 25 "C after 6 and 9 h growth in BSA-containing medium. SAPS encodes an aspartic proteinase with a Kex2pllike cleavage site and contains a putative glycophosphatidylinositol-anchor signal at the C-terminus. Although the SAPS gene product has not yet been isolated from cultures of C. albicans, transcripts of SAPS were observed preferentially in later growth phases when SAP8 expression had decreased.
INTRODUCTION
The opportunistic pathogen Candida albicans secretes aspartic proteinases (Saps), which raises a particular interest because of their role as virulence factors (Hube et al., 1997b; Sanglard et af., 1997) . Seven gene sequences, SAPI-SAP7, encoding secreted proteinases are known in C. albicans . Following RNA hybridization experiments, these genes have been shown to be differentially regulated in viuo White & Agabian, 1995) . When BSA is the sole nitrogen source in the medium, C. afbicans secretes one dominant aspartic proteinase, Sap2p. Two other isoenzymes, Saplp and SapSp, have been recovered from a particular C. afbicans strain, WO-1, which switches from a white to an opaque form at a frequency of to per cell cycle. Opaque cells produce Saplp, Sap2p and Sap3p, while white cells of the same strain Abbnvlations : GPI, glycophosehatidyllnositol; Sap, secreted aspartic eroteinase.
The GenBank accession numbers for the sequences reported in this paper are AF043330 and AF043331. secrete Sap2p only (Morrow et al., 1992; White et al., 1993) . However, a fourth Sap protein with an Nterminal amino acid sequence not identical to any Nterminal sequence of mature forms of Saplp-Sap7p was isolated by Morrison et al. (1993) from the supernatant of C. albicans stationary phase cultures in BSA medium at 25 "C. This finding supported the existence in C. albicans of SAP genes other than those previously reported. The screening of a C. albicans AEMBL3 genomic library for the presence of other SAP genes was undertaken and we report here the cloning, sequencing and expression pattern of two additional genes, one of which, SAM, encodes the Sap previously isolated by Morrison et a/. (1993) .
METHODS
Organisms and plasmids. Escherichia coli LE392 was used as a host strain for propagation of bacteriophages. The C. albicans genomic library was previously constructed in IEMBL3 . All plasmid subcloning experiments were performed in E. coli strain DHSa using the plasmid pMTL21 (Chambers et al., 1988 On: Sun, 06 Jan 2019 10:25:12 M. M O N O D a n d OTHERS transformed using competent cells with standard protocols (Sambrook et al., 1989) . Since the SAP8 gene product was originally detected in C. albicans strain DSM 6659 (Morrison et al., 1993) , this strain (kindly provided by R. Riichel, University of Gottingen, Germany) was used for gene expression studies. Strain WO-1 (kindly provided by D. Soll, University of Iowa, USA) was used for expression studies during phenotypic switching.
Culture media and growth conditions. C. albicans strains were stored on YPG (1'/0, w/v, yeast extract; 2%, w/v, peptone; 2 '/o, w/v, glucose) agar plates at 4 "C. For Northern blot analysis, the following liquid media were used: 1.17% (w/v) Yeast Carbon Base (Difco), 1 % (w/v) glucose, 0 5 % (w/v) BSA (BSA medium; Sigma); modified Lee's medium (Morrow et al., 1992) . Each 50 ml culture was inoculated with 1 ml of a C. albicans overnight culture grown in the same medium. Cultures were shaken in an orbital incubator at either 25 or 37 "C. Growth was monitored by measuring the OD,,, (Beckman DV.65 spectrophotometer) and cell samples were harvested at different times for 2 d . White-opaque switching and the stability of both growth forms of strain WO-1 were checked microscopically. Screening of a C. albicans genomic library. Recombinant bacteriophage plaques of the genomic library were immobilized on nylon membranes (Zeta-Probe; Bio-Rad). The membranes were prehybridized for 1 h at 50 "C in a solution containing 5 x SSC, 7% (w/v) SDS, 10 x Denhardt's solution, 20 mM NaH,PO, (pH 7.0) and 100 pg denatured salmon sperm DNA ml-'. Hybridization was performed with Y -~~P -labelled oligonucleotides at 50 "C for 24 h in the same buffer. The membranes were exposed to X-ray films after two washes in 3 x SSC, 5% (w/v) SDS, 25 mM NaH2P0, (pH 7-0) at 40 "C. Oligonucleotides were labelled with polynucleotide kinase as described by Sambrook et al. (1989) in the presence of [y-32P]ATP (Amersham). Positive plaques were purified and the DNA was isolated as described by Grossberger (1987) . Agarose gel electrophoresis of restricted recombinant IEMBL3 DNA and Southern blotting were performed according to standard protocols (Sambrook et al., 1989 (w/v) SDS and phenol/chloroform. The aqueous phase was removed and extracted twice in phenol/chloroform and the RNA was then precipitated with ethanol. RNA samples were separated on formaldehyde agarose gels as described by Hube et al. (1994) . Fractionated RNA was blotted (VacuGene ; Pharmacia) onto nylon membranes (Hybond-N; Amersham) in 10 x SSC (pH 7.0) for 8 h. After transfer of RNA, the membrane was rinsed with 6 x SSC, airdried and photographed using a UV transilluminator to determine the position of the 28s and 18s rRNA bands. The RNA was cross-linked to the membrane by baking for 2 h at 80 "C. PCR was used to prepare hybridization probes for Southern and Northern blotting. Fragments of 1215 bp and 1632 bp in the ORFs of S4P8 and SAPS, respectively, were amplified. Pairs of primers were : S'-GTTGACACAGGTTCTTCTG-3' and 5'-TCAGCCTTCTATGCCTTTTG-3' for SAP8 ; 5'-GTGCCACCAAATGAGAC-3' and 5'-CCTCTATTGTGT-GTAAATG-3' for SAP9. DNA fragments were purified by using the Prep-a-Gene kit (Bio-Rad) and labelled with [a-32P]dCTP (Amersham) by random priming (Boehringer).
To test the specificity of SAP probes, Southern blots of C. albicans genomic DNA digested with EcoRI were hybridized t o each probe under high stringency conditions . Single bands were detected with both SAP8 and SAP9 probes. Northern blots were then hybridized under the same conditions .
RESULTS

Cloning of two new members of the C. albicans SAP gene family
The overall number of SAP genes in C. albicans was tentatively estimated by Southern blot analysis of EcoRIdigested genomic DNA of different C. albicans strains and hybridization with SAPZ-SAP7 probes encoding the N-terminal aspartyl domain of the Sap active site . Eight distinct bands, designated Al-A8, were identified. Five of these bands, Al, A3, AS, A6 and A8, corresponded to each of the EcoRI fragments characteristic of SAP2, SAP7, SAPZ, SAP5 and SAP3, respectively. The band A7 corresponded to unresolved 1-2 kb fragments characteristic of SAP4 and SAP6. Two bands, A2 and A4, for two fragments of 6.0 and 3.7 kb, respectively, corresponded to none of the previously isolated SAPZ-SAP7. Furthermore, both fragments hybridized with the oligonucleotide probe 5'-GTT albicans was inferred in addition to SAPZ-SAP7. A further screening of a C. albicans AEMBL3 genomic library, from which SAPZ-SAP7 were isolated , was performed using the oligonucleotide probe and low stringency conditions of hybridization. Among lo4 individual recombinant bacteriophage plaques, corresponding to 10 C. albicans genome equivalents, all hybridizing clones (100 in total) were purified. The DNA obtained from these clones was restricted with EcoRI, blotted onto membranes and hybridized with the selecting oligonucleotide probe. The clones containing a hybridizing EcoRI fragment corresponding 
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Amino acid sequences deduced from SAP8and SAP9
SAP8 and SAP9 contain ORFs of 1215 and 1632bp encoding proteins of 405 and 544 amino acids, respectively. The Sap8p and Sap9p proteins showed similarity with other aspartic proteinases, in particular within the regions which contained the two reactive aspartic acid residues of the active site for these enzymes. The amino acid sequences of Sap8p and SapSp, which were aligned with those of Saplp-Sap7p, suggested the existence of a signal peptide with putative signal peptidase cleavage sites (von Heijne, 1986 ) and the existence of a prosequence with pairs of Lys-Arg residues which are known to be proteolytic processing sites for the proconvertase Kex2p in Saccharomyces cerevisiae (Fig. 2) . The Sap8p and Sap9p protein molecules generated by cleavage at the Kex2p-like cleavage site have a calculated molecular mass of 35 and 52 kDa, respectively. Pairwise comparisons for all members of the Sap family in C. albicans are shown in Table 1 . The dendrogram deduced from the alignments of different Candida Saps and the aspartic proteinase Yap3p of S . cerevisiae shows that Sap8p and Sap9p belong to branches distinct from the Saplp, Sap2p and Sap3p group, and from the Sap4p, Sap5p and Sap6p group (Fig.  3) . Sap8p is clustered with Saptlp, the aspartic pro- teinase secreted by Candida tropicafis in BSA medium (Togni et af., 1991), and Sap9p is clustered with Yap3p.
Expression of SAP8
The N-terminal amino acid sequence deduced from SAP8 downstream of the Kex2p-like cleavage site corresponds to the N-terminal sequence of the mature 41 kDa Sap isolated and characterized by Morrison et al. (1993) . This Sap was detected during growth of C. afbicans DSM 6659 in BSA medium at 25 "C. To investigate the expression pattern of SAP8, we isolated total RNA from strain DSM 6659 grown under these conditions and probed for SAP8 mRNA. SAP8 was expressed preferentially during the early exponential phase of growth of the yeast cells, i.e. after 6 and 9 h growth at 25 "C and after 3 h at 37 "C in BSA medium (Hube et af., 1994) . However, SAP8 was expressed at lower levels at 37 "C than at 25 "C (Fig. 4) . Interestingly, SAP8 mRNA levels detected in the early exponential phase at 37 "C disappeared within 3 h (Fig. 4) . Such a sharp regulation was also found for the regulation of SAP2 expression (Hube et af., 1994) . Since we observed SAP2 and SAP3 expression under the same conditions (Hube et af., 1994) , it can be concluded that these three proteinase genes may be expressed by C. afbicans DSM 6659 under similar physiological conditions. The higher level of SAP8 mRNA during growth at 25 "C may explain the earlier observed temperature-dependent sensitivity effect of proteinase production during growth of C. afbicans DSM 6659 in BSA medium at 25 "C (Crandall & Edwards, 1987) .
The temperature dependence of SAP8 expression was also tested in the switching strain WO-1 (Soll, 1992). Several genes, including SAP genes, are regulated during the white-opaque switching of WO-1 (Morrow et af.,  1992,1994) . RNA isolated from both white and opaque forms of WO-1 grown in BSA medium at 25 and 37 "C was tested for SAP8 transcripts. The SAP8 mRNA was found to be abundant in opaque cells at 25 "C, but poorly expressed in the white form at 37 "C (not shown). Thus the opaque form was able to express at least four different proteinase genes (SAPI, SAP2, SAP3 and SAP8) under the same conditions, all of which together may be responsible for the higher extracellular proteolytic activity of this switching form (Hube et af., 1997a) .
Expression of SAPS
To investigate the expression of SAP9, Northern blots which showed SAPI-SAP3 and SAP8 signals were stripped and reprobed with SAP9. A low level of SAP9 transcripts was found in most RNA samples (not shown). However, a strong signal was observed at 25 "C after 45 h corresponding to stationary phase of growth in BSA medium (Fig. 4) (Hube et af., 1994) . This expression is different from most identified SAP genes and may indicate a divergent role for this gene.
DISCUSSION
Several points support the conclusion that SAP8 encodes the 41 kDa protein detected by Morrison et a f . (1993). (i)
The N-terminal amino acid sequence deduced from SAP8 downstream of the Kex2p-like cleavage site corresponds to the N-terminal amino acid sequence of the mature 41 kDa form of this protein.
(ii) The SAP8 mRNA and the 41 kDa protein are both expressed in BSA-containing media a t 25 "C. These are growth conditions corresponding to those in which the 41 kDa protein was produced. The putative N-terminal amino acid sequence of the mature Sap9p does not correspond to any previously isolated C. albicans Sap proteins. Interestingly, the deduced translation product of SAP9 has a C-terminal extremity that is 51 amino acids longer than that of all other Saps (Fig. 2) . This C-terminal extremity is serine/threonine-rich and can be aligned to the Cterminal extremity of the aspartic proteinase Yap3p of S. cereuisiae (Fig. 5 ) , which was shown to be a glycophosphatidylinositol (GP1)-anchored protein (Ash et al., 1995) . The Sap9p amino acid sequence GASG at positions 493496 is also identical to the consensus sequence of the site of cleavage and attachment of GPIanchored proteins (Gerber et al., 1992) . Therefore, it is probable that Sap9p is a GPI-anchored aspartic proteinase. Moreover, Sap9p is more related to Yap3p than to any other Candida Saps (Fig. 3 ) . Because GPIanchored proteins follow the usual secretory pathway, we propose here to leave the gene encoding this protein in the SAP gene family. The Sap isoenzymes have a propeptide containing one Lys-Arg Kex2p processing sequence (Julius et al., 1984) immediately preceding the N-terminus of the mature form of the enzyme. YAP3 was cloned based upon its ability to suppress the processing defect of an S. cereuisiae kex2 null mutant (Egel-Mitani et a/., 1990). It has been shown recently that C. albicans kex2 null mutants continue to secrete active Sap2p (Newport & Agabian, 1997) but the enzyme was abnormally processed with an additional amino acid at its N-terminus, and was secreted at reduced levels. Although autocatalysis of the enzyme cannot be excluded, processing of Sap2p in C. albicans kex2 null mutants may involve activation by a Yap3p homologue which could be Sap9p. However, the exact role of Sap9p remains to be investigated. In total, nine SAP genes have now been cloned by low stringency hybridization with SAP gene probes and a consensus oligonucleotide probe designed on the basis of the sequence encoding the N-terminal aspartyl domain of the catalytic site of Sap isoenzymes. All bands Al-A8 identified by Southern blotting of EcoRI-digested genomic DNA of C . albicans and hybridization with both types of probes can now be assigned to a specific SAP gene. N o other SAP genes were found on cloned EcoRI fragments showing only a slight signal with the oligonucleotide probe. Sequencing of the entire C . albicans genome, which is under way, may reveal other SAP-like genes in addition to those described. However, with the cloning methods used previously and in this study, the likelihood of finding additional SAP genes in the C. albicans genome is rather low.
